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Abstract. Natal and breeding dispersal represents an important component of animal demography and
metapopulation theory. This phenomenon also has implications for conservation and management because
understanding movements of individuals potentially allows the identiﬁcation of key habitats that may be
acting as population sources or sinks. Intrinsic markers such as stable isotope abundance in tissues that
can be associated with provenance can provide a coarse but pragmatic solution to understanding such
movements. Different methodologies have been proposed to quantify natal and breeding dispersal by
using stable isotope analyses of keratinous tissues (hair, feathers), each of them with their own advantages
and limitations. Here, we compared results provided by four different methods to estimate dispersal (three
already published and one novel) in animals using stable isotope measurements. We used a single large
dataset of feather d2H values from golden-winged warblers (Vermivora chrysoptera) representing ﬁve different populations breeding in North America to compare model results. We propose one method as the most
adequately supported by data, and we used this method to demonstrate how biological factors explaining
dispersal status can be identiﬁed and geographical origins of immigrants inferred. Our results point to a
generalized methodological approach to using stable isotope data to study immigration and dispersal in
birds and other animals.
Key words: breeding dispersal; deuterium; golden-winged warbler; natal dispersal; stable isotope analyses; Vermivora
chrysoptera.
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INTRODUCTION

conservation and management of long-distance
migratory birds because an understanding of the
movement of individuals at various scales allows
for more informed decisions about the protection
of key habitats. By identifying which populations
are acting as sources or sinks at local, regional,
and continental scales (Donovan et al. 1995a, b),
focus can be placed on protecting source

The dispersal of individuals from natal and
breeding locations to sites of ﬁrst or subsequent
breeding represents an important component of
animal demography and metapopulation theory
(Greenwood and Harvey 1982, Walters 2000).
This phenomenon is especially relevant to the
❖ www.esajournals.org
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populations and those regions acting as ecological traps can be identiﬁed (Holmes and Sherry
1992, Hobson et al. 2001, Webster et al. 2001).
Despite recognition of the key importance that
natal and breeding dispersal have on population
demography, little progress has been made since
the seminal review paper by Greenwood and
Harvey (1982). This contrasts with signiﬁcant
developments in the use of miniaturized tracking
devices (Bridge et al. 2011, 2013) that has
allowed major advances in delineating migratory
routes and connectivity between breeding and
wintering grounds (Rushing et al. 2014, Hobson
et al. 2015, 2016, Cohen et al. 2017). This lack of
progress is understandable because of the
immense challenge of marking and following
enough individuals over space and time to provide meaningful inference into the frequency,
scale, and biological signiﬁcance of such movements. Given the challenges of studying dispersal using traditional marking techniques such as
radio telemetry, data from the use of intrinsic
markers such as stable isotopes (Hobson et al.
2004, Studds et al. 2012, Van Wilgenburg et al.
2012), genetic markers (Ruegg et al. 2017), and
trace elements (Poesel et al. 2008) obtained from
individuals sampled across numerous breeding
populations can provide a coarse but pragmatic
alternative. Moreover, even if precise natal or
previous breeding origins are not discernable, it
may still be possible within acceptable margins
of error, to identify those individuals that derive
from the local population vs. immigrants. The
measurement of naturally occurring stable isotopes in tissues of animals provides one such
intrinsic marker that can potentially be used to
estimate the rates of immigration into populations, providing those immigrants derived from
regions that were isotopically different from the
population of interest.
The stable isotope approach is based on the
fact that naturally occurring stable isotope ratios
of several elements in foodwebs show systematic
spatial variation and these patterns are reﬂected
in the tissues of higher-order consumers. Such
spatial patterns have been termed “isoscapes,”
and they form the basis of tracing movements of
animals through the isotopic measurement of
their tissues (West et al. 2010, Hobson and
Wassenaar 2018). In particular, the continental
structure of stable hydrogen isotope (d2H) values
❖ www.esajournals.org

in animal tissues has proven to be immensely
useful due to the strong latitudinal pattern in this
isotope and the clear demonstration that birds
can be probabilistically placed to origin using
long-term isotopic data available for most continents (Hobson and Wassenaar 2018). Other
stable isotopes, such as those of carbon (d13C),
nitrogen (d15N), and sulfur (d34S), are of less universal use but do show strong regional patterns
that can assist in assignment (Graves et al. 2002,
Hobson et al. 2012a, Hache et al. 2014, Hobson
and Kardynal 2016). In North America, amountweighted average d2H values in precipitation
change predictably with latitude and these isotope patterns are incorporated into local foodwebs and ultimately in the feathers grown by
birds at those locations (Hobson et al. 2012b).
Most adult songbirds in North America molt
ﬂight feathers on or near their breeding sites
prior to autumn migration (Pyle 1997), whereas
hatch-year (HY) birds maintain the ﬂight feathers
they grew on natal sites until their second year
(SY). Therefore, the d2H values of ﬂight feathers
the following spring should provide information
on (1) the approximate latitude of natal origin in
the case of one-year-old birds, or (2) approximate
previous breeding latitude in the case of older
birds (Hobson et al. 2004).
The ﬁrst quantitative attempt at using stable
isotope measurements to infer population structure was by Hobson et al. (2004) who examined
the feather d2H and d13C distributions across several isolated populations of ovenbird (Seiurus
aurocapilla) and American redstart (Setophaga
ruticilla) in southern Canada. That study primarily used the range of variation in feather isotope
values to reveal outliers that could be associated
with non-local breeding birds. They estimated
that 0–29% of individuals were immigrants with
SY individuals showing higher rates of immigration than after-second-year (ASY) individuals.
Since then, a few additional studies have
attempted to pursue this approach. Studds et al.
(2012) used feather d2H values of adult breeding
Bicknell’s Thrush (Catharus bicknelli) to derive
expected resident values for 25 breeding populations representing 500 individuals. Those authors
then assigned origins to all unknown birds
breeding for the ﬁrst time (after correcting for
any age effects on feather d2H) and derived minimum dispersal distances for individual birds.
2
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They estimated that 59% of all ﬁrst year birds
sampled were dispersing immigrants to their site
of ﬁrst breeding with most of these dispersing
<200 km from their natal sites. Van Wilgenburg
et al. (2012) estimated dispersal rates of Sprague’s pipit (Anthus spragueii), Baird’s sparrow
(Ammodramus bairdii), and savannah sparrow
(Passerculus sandwichensis) breeding on the Great
Plains of North America. Depending on the species and odds ratio, that study found that the
number of immigrants ranged from 2% to 67%
and adapted a probabilistic approach to the
assessment of dispersal rate using odds ratios,
which represent a balance between correctly categorizing either local or immigrant individuals
(Wunder 2007). Hache et al. (2014) used d2H and
d34S values of feathers of ovenbirds breeding in
New Brunswick, Canada, to infer that natal dispersal rates were low and primarily involved
movements within 200 km. Most recently, using
an isotope approach, Rushing et al. (2015) found
relatively low dispersal rate for American redstarts (15% immigrants), and they showed that
the source of immigrants varied substantially
across years depending on breeding phenology.
In addition, Rushing et al. (2015) also found that
overall natal dispersal was higher than breeding
dispersal but they may occur at similar rates in
some years, and that environmental conditions
experienced during winter carried over to affect
the source of immigrants breeding for the ﬁrst
time.
In this study, we obtained feathers from breeding adult golden-winged warblers (Vermivora
chrysoptera) from ﬁve populations ranging from
the Great Lakes (Minnesota and Wisconsin,
USA) to the northernmost isolated breeding population (Manitoba, Canada). In several cases, we
had individuals of known history as a result of
local banding programs and so could conﬁdently
identify a portion of individuals as known locals
(i.e., they grew feathers at the location during the
previous year). However, at other sites, this was
not the case. This underlines the fact that there
are several methodological questions to be
resolved with respect to applying stable isotope
measurements of bird feathers in order to evaluate patterns of immigration and dispersal. These
questions primarily pertain to the issue of which
criteria should be used to assign individuals as
locals vs. immigrants. Do we assume that at any
❖ www.esajournals.org

given time the isotopic structure of populations
will represent locals and that statistical outliers
will represent immigrants? Do we use the longterm average predicted isotope values for a population at a given location to predict who is an
immigrant? Are there more robust criteria that
can be used in populations that have been isotopically assayed across years and where at least
some longitudinal isotopic data are available for
known individuals? What statistical criteria are
appropriate when considering evidence for the
residency status of individuals?
Here, we investigated evidence of dispersal
and recruitment among populations of goldenwinged warblers throughout their range as a
motivating example. Our objectives were twofold. First, we wished to evaluate methods to
infer dispersal in this species speciﬁcally. However, we were primarily interested in examining
approaches that can be taken using stable isotope
data to more generally deﬁne the status of
individuals as being a local or an immigrant,
regardless of species. Our dataset provides an
important opportunity to evaluate various
statistical approaches to this overriding question. Speciﬁcally, we evaluated four different
approaches to evaluating the probability of an
individual being an immigrant. We discuss the
advantages and disadvantages of these
approaches and provide new information to
guide this form of assignment in future studies.

METHODS
Field sites and feather collection
We captured golden-winged warblers across
the breeding range from 2009 to 2010. Birds were
captured using mist-nets and call playback of
male songs during the breeding period, when
most individuals are territorial. Upon capture,
birds were banded with a USGS aluminum band
for individual identiﬁcation. We determined sex
based on plumage color, the presence of a cloacal
protuberance and/or brood patch. Birds were
aged as SY vs. ASY on the basis of plumage coloration, feather wear, molt limits, and the shape
of rectrices. From each captured bird, we took
the ﬁrst primary feather (P1) for isotopic analysis
because this feather has greater probability of
being grown on breeding grounds. We separated
our dataset into two subsets: known-origin birds
3
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(captured at the same site in two consecutive
years; n = 47) and unknown-origin birds (captured once; n = 195). For the second capture of
known-origin birds (i.e., classiﬁed as residents),
we assumed that feathers were grown in the previous year at the particular sampling site. Thus,
we used the second capture of known-origin
birds to build a linear model(s) between feather
d2H values (hereafter d2Hf ) and long-term,
amount-weighted, growing-season d2H values in
precipitation (hereafter d2Hp) predicted for
that sampling location (Bowen et al. 2005).
Unknown-origin birds constituted the bulk of
our feather samples to assess dispersal and were
collected along a gradient from 45.66° N to
51.03° N and from 89.55° W to 100.27° W which
were loosely grouped into ﬁve sampling locations: Southwestern Manitoba (mean latitude,
50.90° N; mean longitude, 99.90° W), Southeastern Manitoba (49.72° N; 96.46° W), Northern
Minnesota (48.24° N; 92.72° W), Central Minnesota (46.20° N; 94.43° W), and Northern Wisconsin (45.75° N; 89.67° W). Since our objective
was to assess population level dispersal, we considered a sampling location as a site with a minimum of 19 birds sampled within a maximum
distance of 70 km of each other. To control for
inter-annual effects in d2Hf values, we captured
warblers in each sampling location during a single year (2009 for sampling areas in Manitoba
and 2010 for sampling sites in Minnesota and
Wisconsin). Values of d2Hf were normally distributed in Southwestern Manitoba (Shapiro–
Wilk test: W = 0.98, P = 0.18), Southeastern
Manitoba (W = 0.95, P = 0.28), Northern Minnesota (W = 0.92, P = 0.12), and Northern Wisconsin (W = 0.96, P = 0.49). Values of d2Hf from
Central Minnesota had a normal-like distribution
but single outliers reduced normality (W = 0.92,
P = 0.04).

hydrogen isotopic measurements on H2 gas
derived from high-temperature (1350°C) ﬂash
pyrolysis of 350  10 lg feather (distal vane)
subsamples in a Eurovector elemental analyzer
(Milan, Italy) coupled with an VG Isoprime mass
spectrometer (Manchester, UK) using continuousﬂow isotope-ratio mass spectrometry (CFIRMS).
Measurement of the two keratin laboratory reference materials (CBS 197&, KHS 54.1&)
corrected for linear instrumental drift was both
accurate and precise with typical within-run
(n = 6) mean variance of ~2&. We report all
results for non-exchangeable H expressed in the
typical delta notation, in units of per mil (&), and
normalized on the Vienna Standard Mean Ocean
Water–Standard Light Antarctic Precipitation
standard scale.

Calibration of feather isoscape
In their analysis of origins of sparrows in
grassland habitat of prairie Canada, Van Wilgenburg et al. (2012) generated year-speciﬁc precipitation isoscapes using regional values from the
Global Network of Isotopes in Precipitation
(GNIP; IAEA 2018) and the U.S. Network for Isotopes in Precipitation (Welker 2000). These
authors found substantial inter-annual variation
in d2Hp (in turn related to periodic drought), and
so their estimated immigration rates differed
when using year-speciﬁc d2Hp compared to longterm d2Hp (i.e., from 0% to 11%). However,
because we aimed to encourage the repeatability
of dispersal analyses among researchers, we used
only models derived from the long-term GNIP
database (IAEA 2018), which is publicly available. Thus, we calibrated a d2Hf isoscape from
the growing-season d2Hp isoscape of Bowen
et al. (2005) using Generalized Linear Models
(GLM) in which d2Hf values of known-origin
birds (see section Field sites and feather collection)
were the dependent variable and d2Hp values
predicted for their particular sampling locations
plus sampling year (i.e., 2009 or 2010) were the
independent variables. Sampling locations for
known-origin birds and the underlying precipitation isoscape are presented in Fig. 1. We used
bootstrap regression, ﬁtting the same GLM 1000
times, each time taking 25 randomized subsamples of the known-origin birds. In this way, we
generated 1000 calibrated d2Hf isoscapes for each
sampling year (i.e., raster layers). Our approach

Stable isotope analyses
Feathers were cleaned of surface oils using a
2:1 chloroform:methanol solvent rinse and then
prepared for d2H analysis at the Stable Isotope
Laboratory of Environment Canada, Saskatoon,
Canada. We determined the d2H value of the
non-exchangeable hydrogen of feathers using the
method described by Wassenaar and Hobson
(2003) using two calibrated keratin hydrogenisotope reference materials. We performed
❖ www.esajournals.org
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resulted in mean rescaling functions of
d2Hf = 56.14
(standard
deviation
[SD] = 13.23) + 0.57 (SD = 0.16) 9 d2Hp for
feathers sampled in 2009 and d2Hf = 56.14 (SD
= 13.23) 9.83 (SD = 3.34) + 0.57 (SD = 0.16) 9
d2Hp for feathers sampled in 2010. Across these
1000 simulations, we extracted the average raster
and the SD raster (rrescale ) for each of the two
sampling years.
Following Van der Zanden et al. (2014), we
used this bootstrapping approach to derive a
spatially explicit error raster associated with the
calibrated d2Hf isoscape (hereafter “error surface”). We obtained this error surface from the
following equation:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1)
ec ¼ r2rescale þ r2individual

surface, taking into account both variation in the
parameter estimates of the rescaling functions
(r2rescale ) and average value of the regression
residuals (r2individual ). Both sources of error were
estimated from variation between iterations of
the bootstrap linear models. Thus, we effectively
controlled for errors in the recalibration algorithm and individual variation within sites,
developing spatially explicit estimates of error
combining both sources of error (Appendix S1:
Figs. S1, S2).

Geographic assignment of origins
We assigned feather samples to geographic origins using a likelihood-based spatially explicit
approach (Royle and Rubenstein 2004, Van Wilgenburg and Hobson 2011, Hobson et al. 2014).
We ﬁrst converted the long-term growing-season
d2Hp isoscape from Bowen et al. (2005) into a

where ec represents the error (measured in &)
associated with a given cell (c) of the raster

Fig. 1. Red points indicate sampling locations for known-origin birds used to calibrate the feather isoscape
(n = 47). The underlying raster is the growing-season d2Hp isoscape (Bowen et al. 2005). Breeding range of
golden-winged warbler is outlined in red.

❖ www.esajournals.org
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d2Hf isoscape as explained above. To limit the
assignment to biologically plausible origins, we
clipped the calibrated d2Hf isoscape with the current breeding range of golden-winged warblers
(Hobson et al. 2016). Subsequently, for each
feather sample (i.e., individual bird) we assessed
the likelihood that a given cell of the calibrated
feather isoscape represented the true origin using
the following normal probability density function (hereafter PDF):
"
#


1
ðy  lc Þ2

f ðy jlc ; ec Þ ¼
(2)
exp 
2pe2c
2e2c

feathers grown at the same locality follows a normal distribution. Thus, we compared the
observed d2Hf value of a given sample bird with
a normal probability density function whose
mean and SD were calculated from a sample of
individuals from the particular sampling location. We categorized a sampled bird as either
immigrant or resident into a particular sampling
location, under three progressively stringent
thresholds as deﬁned by 4:1 odds, 9:1 odds, and
19:1 odds (consistent with Rushing et al. 2015).
These odds ratios were used to calculate the
range of d2Hf values representing a given area
under the curve (i.e., probabilities of 0.80, 0.90,
and 0.95, respectively) for each sampling location. If the d2Hf value of the given bird fell outside the quantiles including these cutoff
probabilities, we categorized it as immigrant into
the sampling location and otherwise as local
(Fig. 2). Isotopic values of known-origin birds
(i.e., residents) provided a reliable estimate of
isotopic variation at the particular sampling location (Rushing et al. 2015). As we did not have
enough known-origin birds for each sampling
location, we assumed that resident birds drive
the isotopic signature of each sampling site (Hobson et al. 2004). We tested this assumption at one
of our sampling locations (Southwestern Manitoba) for 2009 and found no statistical difference
(F1, 118 = 0.17; P = 0.68) in d2Hf of known-origin
birds (mean = 109.98&; SD = 7.10; n = 14) and
unknown-origin birds (mean = 110.65&; SD =
5.48&; n = 106). We acknowledge that we cannot
test this assumption for the rest of sampling locations because we lack data on known-origin
birds, and we address this assumption in the
Discussion.
Method 2: Comparison of d2Hf against local
predicted value from a calibrated isoscape.—In our
second method, we estimated dispersal status
following Van Wilgenburg et al. (2012). This
method is similar to that in Method 1, but rather
than comparing d2Hf of the sample of interest to
a normal distribution function parameterized
from a sample of local individuals, it compares
the d2Hf value against a mean prediction from a
calibrated isoscape and an estimated error distribution. We assumed that variation in d2Hf values
for feathers grown at the same locality follows a
normal distribution. Consequently, we used a
normal PDF to compare the observed d2Hf value

where f (y |lc, ec) represents the probability that a
given cell (c) is the potential origin for a sample
individual (y ), given the predicted d2Hf value
from our calibrated isoscape for that cell (lc) and
the predicted error (SD) for that cell (ec).

Dispersal status
Several studies have found that d2Hf of nestlings and HY birds are lower compared to those
of adults potentially due to differences in metabolism, diet, or feather growth phenology
(reviewed by Studds et al. 2012, Hache et al.
2014). We tested this hypothesis with our data to
determine whether the estimated dispersal rate
could be biased by variation in d2Hf across age
classes. Mean d2Hf of “SY” birds was 102.65&
(n = 107), whereas mean d2Hf of “ASY” was
104.31& (n = 78). A linear mixed effects regression treating age as a factor and with site as a
random effect showed no statistical difference
between age classes (bSY = 1.54, standard error
[SE] = 1.01) and we consequently did not implement any age-class correction in our dispersal
analyses.
We assessed the likelihood that birds were
immigrants into the sampling locations where
they were captured following four different
methods described below (see Table 1 for
comparison of methods).
Method 1: Comparison of d2Hf against sample of
known-origin birds.—In our ﬁrst method, we estimated dispersal following Rushing et al. (2015).
In brief, this method is similar to conducting a z
test, comparing the observed value of a feather to
a normal distribution estimated from the mean
and SD of a sample of known-origin individuals.
We assumed that variation in d2Hf values of
❖ www.esajournals.org
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Table 1. Comparison of methods to assess the status of an individual as locals vs. immigrants based on analysis
of d2H in feathers.
Pros

Cons

Reference

Inference limited to sampled
location(s)/population(s)
Known-origin samples needed
for each year of interest

Rushing et al. (2015)

Computational complexity
Sampling required across
gradient to calibrate isoscape

Van Wilgenburg et al. (2012)

Computational complexity
Sampling required across
gradient to calibrate isoscape
Competing distribution
functions to select between

Studds et al. (2012)

Computational complexity
Sampling required across
gradient to calibrate isoscape

This study

2

Method 1. Comparison of d Hf against sample
of known-origin birds
Ease of implementation

Method 2. Comparison of d2Hf against local
predicted value from a calibrated isoscape
Potential to generalize to more locations/years

Method 3. Distance to pixel of highest likelihood
of molt origin within an isoscape
Provides direct estimates of dispersal distance
Potential to generalize to more locations/years

Method 4. Comparison of capture location to
regions of likely vs. unlikely molt origins within isoscape
Potential to generalize to more locations/years

of a given sample against the mean d2Hf predicted for its capture location by our calibrated
isoscape, given the expected SD of values for
d2Hf from our error surface (as previously
deﬁned in Calibration of feather isoscape). Similar
to Method 1, if the d2Hf value of the given sample bird fell outside the quantiles including the
previous cutoff probabilities (i.e., 0.80, 0.90, and
0.95), we categorized it as an immigrant into the
sampling location and otherwise was categorized
as local. Since we included the sampling year as
a ﬁxed effect in the bootstrapping linear model
between d2Hf and d2Hp, we could control for
inter-annual effects by associating the observed
d2Hf value of a given sample bird to its corresponding year-speciﬁc calibrated isoscape.
Method 3: Distance to pixel of highest likelihood of
molt origin within an isoscape.—Following Studds
et al. (2012), we assessed dispersal by examining
the likelihood that a feather was grown in a
given pixel within an isoscape. Then, we calculated distances to the highest likelihood pixel
and evaluated whether this distance was an outlier given the distribution of estimated distances
within the population. First, we calibrated the
feather isoscape with our known-origin birds
❖ www.esajournals.org

subset, and we determined potential geographic
origins of sample feathers as explained in the
previous sections of this study. Since we included
sampling year as a ﬁxed effect in the bootstrapped linear model between d2Hf and d2Hp,
different rasters of feather isoscapes and probability of origins were generated for birds sampled in 2009 and 2010 (differing in the intercept
value). Then, for each sampling year, we
extracted the pixel that represented the highest
probability of being the true origin for a feather
sampled in that year (as given by Eq. 2). We then
calculated the distance (in km) between the sampling location and the pixel representing the
highest probability of origin for each sampled
bird; if more than one pixel shared the maximum
likelihood value, distance to the mean position
was used. For calculating these distances, we
used the Haversine formula, which determines
the great-circle distance between two points
assuming a spherical Earth. After pooling feathers sampled in 2009 and 2010, the distribution of
calculated distances was strongly skewed
because breeding site ﬁdelity was more common
than long-distance dispersal, and consequently,
the most probable dispersal distances were
7
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Fig. 2. Histogram of feather d2H values from unknown-origin birds sampled at Southwestern Manitoba
(n = 106). The black line represents the normal probability density function ﬁtted for feather d2H values of that
sampling location. The different cutoffs (i.e., quantiles) excluding categorized immigrants are represented by
long dashed, dashed, and dotted vertical lines, respectively, for 4:1, 9:1, and 19:1 odds ratios.

<200 km (Fig. 3). In addition, the distribution of
estimated dispersal distances showed two peaks
at 1100 and 1400 km, indicating that long distances are more likely to occur than medium distances. For this reason, we ﬁt a mixed-normal
PDF to the distribution of calculated distances in
contrast to Studds et al. (2012) who used the
exponential, Weibull and half-Cauchy distributions. We used the Expectation-Maximization
algorithm to ﬁt parametric mixture densities to
our calculated distances which provides a convenient approach to approximate Markov Chain
Monte Carlo samples with a parametric mixture
distribution implemented with the mixtools
(Benaglia et al. 2009) and RBesT packages (Weber
2018) within R (R Core Team 2017). Finally, we
❖ www.esajournals.org

extracted the quantiles that included our desired
accumulated probabilities within the obtained
mixed-normal PDF (i.e., 0.80, 0.90, and 0.95), and
we categorized a sample bird as “immigrant”
into the sampling location if its d2Hf value fell
outside these quantiles.
Method 4: Comparison of capture location to
regions of likely vs. unlikely molt origins within
isoscape.—In our fourth method, we estimated
dispersal status using a previously unpublished
methodology that assesses whether the capture
location falls within the area deﬁned as a likely
molt origin for the sample. First, we used our
year-speciﬁc calibrated feather isoscapes derived
using our known-origin birds, and we determined the likely geographic origins of sample
8
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Fig. 3. Histogram of distances moved between sampling locations and predicted pixels of maximum probability of origin based on feather d2H analyses. Individual Gaussian density components in the mixture distribution
are shown by the dashed red line (74.8% contribution), and the dashed blue line (25.2% contribution). The mixture density distribution is shown by the dashed black line. The different cutoffs (i.e., quantiles) leaving at the
right side categorized immigrants are represented by long dashed, dashed, and dotted vertical line, respectively,
for 4:1, 9:1, and 19:1 odds ratios.

of estimated probabilities of origin). Finally, if a
given sampled bird was captured in a pixel
coded as 1, it was categorized as a local bird from
that sampling location, and otherwise, it was
considered an immigrant.

feathers as explained in the previous sections.
We then reclassiﬁed the year-speciﬁc probability
of origin maps into likely vs. unlikely origins by
determining the odds that any given assigned
origin was correct relative to the odds it was
incorrect. Based on 4:1 odds (consistent with 80%
cutoffs in Methods 1–3 above) that a given
assigned bird had truly originated from within
that range, we coded the set of cells that deﬁned
the upper 80% of estimated probabilities of origin as 1 and all others as 0. We repeated this process for 9:1 and 19:1 odds, resulting, respectively,
in raster layers with increasing number of pixels
coded as 1 (respectively, the upper 90% and 95%
❖ www.esajournals.org

Comparison of methods to assess dispersal status
For Methods (1–4) used to assess dispersal, we
used a Chi-squared (v2) test to determine
whether the number of birds categorized as
immigrants differed from that expected by
chance alone given the speciﬁc odds ratio. In
other words, if we found a signiﬁcant v2 value
for this test, the proportion of immigrants
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categorized would be signiﬁcantly different from
proportions expected to be correctly classiﬁed to
their origins given the associated odds ratios (i.e.,
0.80, 0.90, and 0.95). On the other hand, if we
found a non-signiﬁcant v2 value, the number of
birds assessed as being immigrants would only
reﬂect the number expected due to assignment
error and thus would not provide any biologically meaningful assessment of the proportion of
immigrants into the population. Depending on
the methodology, the categorization of a given
bird as immigrant was done either for each speciﬁc sampling location (i.e., Method 1), each sampling year (Methods 2 and 4), or for all pooled
data (Method 3). Therefore, Chi-squared (v2)
tests were conducted across different data subsets accordingly.
Since known-origin birds are resident by deﬁnition, we tested our four described procedures
to assess dispersal with this data subset (n = 47)
and we quantiﬁed the error rate under each odds
ratio as simply the proportion of known-origin
birds being categorized as immigrant. Sample
size of known-origin birds differed strongly
among sampling locations; therefore, we only
had two sampling locations (Southwestern Manitoba and Northern Wisconsin) for which we
could test the error rate of dispersal status
assessed by the method of Rushing et al. (2015).
Finally, we selected which of the four methods
described above was the most adequately supported by the data based on both the Chisquared (v2) test and the estimated error rate.

because of the high number of zeros in the
response variable (Zuur et al. 2009). We constructed eight competing a priori models and we
chose the most parsimonious ones based on
DAICc < 6.0 (Burnham and Anderson 2002,
Richards 2008). The conﬁdence intervals for predictor variables (hereafter 85% CI) were calculated using the parameter estimates and
associated SEs. We assumed that a predictor signiﬁcantly contributed to explain the response
variable when the 85% CI for the estimated
parameter excluded zero (Arnold 2010).
We suspected that SY birds would have a
higher probability of being immigrant vs. ASY
birds, as has been previously found (Greenwood
and Harvey 1982, Hobson et al. 2004, Rushing
et al. 2015). We also considered those populations
showing BBS declines or increases to be more
likely to experience an inﬂux of immigrants compared to stable populations. It is possible that
declining populations might be supported via
immigration, or that immigrants may be attracted
to increasing populations due to habitat quality
and conspeciﬁc attraction or just that populations
increases are a direct result of immigration. But
we acknowledge that such predictions are impossible without knowing the source–sink dynamics
of the metapopulation (Donovan et al. 1995a, b).
Finally, we included distance to range edge as a
covariate since the central–marginal hypothesis
predicts that individuals should move from large
central populations that produce excess individuals to peripheral populations if dispersal is random (Eckert et al. 2008) in addition to the
species’ range edge limiting the number of directions from which immigrants can originate
(Schwartz et al. 2003).
All analyses were run in R version 3.3.3. (R
Core Team 2017) using the libraries raster (Hijmans 2016a), maps (Becker and Wilks 2016),
maptools (Bivand and Lewin-Koh 2017), geosphere (Hijmans 2016b), rgeos (Bivand and Rundel 2017), and AICcmodavg (Mazerolle 2017).
Data and R scripts are provided as Supporting
Information (Data S1).

Biological variables explaining dispersal status
We tested which biological variables determined dispersal status within a sampling
location. For this purpose, we used the categorization of immigrant (i.e., one) vs. resident (i.e.,
zero) obtained from the best supported method
as the dependent variable in subsequent analyses. We used GLM to test if the probability of a
given bird being immigrant into a sampling location was related to age class (SY vs. ASY), distance to edge of the breeding range, and to local
population trend as estimated from the North
American Breeding Bird Survey (Sauer et al.
2014). We did not test for sex-biased dispersal
owing to a lack of samples from females. We
used a binomial error distribution and the complementary log-log link function (cloglog)
❖ www.esajournals.org

RESULTS
Dispersal status
The proportion of warblers categorized as immigrants differed considerably (0–96%) depending
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(v2) test also revealed that the proportion of immigrants categorized by Method 3 was determined
by the odds ratio used (Table 3); however, results
from this method were consistent with the latitudinal gradient in the proportion of birds classiﬁed as
immigrants. This was because once we had estimated the distances between pixels of maximum
probability of origin and current sampling locations in Method 3, we categorized immigrant vs.
resident birds by pooling together feathers sampled in 2009 and 2010. We believe that this was the
most correct approach to apply to Method 3 since
the inter-annual effects on d2Hf values were
already controlled for in the estimation of distances
between pixels of maximum probability of origin
and current sampling locations. Thus, there was no
need to categorize immigrants separately for birds
sampled in either year. In contrast, the categorization of immigrants in Methods 2 and 4 was based
on the year-speciﬁc raster isoscapes, and thus, Chisquared (v2) tests were conducted separately for
birds sampled in different years. The proportion of
immigrants obtained by Method 2 did not differ

on the sampling location, the method to assess dispersal, and the odds ratio used (Table 2). The proportion of immigrants obtained by Method 1 was
similar across the different sampling locations and
Chi-squared (v2) tests determined that these proportions were imposed by the odds ratios we used
(Table 3). For instance, the proportion of immigrants obtained by Method 1 across the different
sampling locations usually ranged from 21% to
26% under a threshold deﬁned as 4:1 odds, similar
to the proportion that we would have obtained by
chance alone (i.e., probability of 20% to be immigrant). By contrast, the proportion of immigrants
obtained by the other methods differed across sampling locations, with the proportion of immigrants
gradually increasing from north to south. Thus, at
4:1 odds ratio, sampling locations in Manitoba
showed a low proportion of immigrants (from 0%
to 13%), Northern Minnesota showed an intermediate proportion of immigrants (from 11% to 32%),
whereas sampling locations in Central Minnesota
and Northern Wisconsin showed high proportions
of immigrants (from 31% to 96%). The Chi-squared

Table 2. Number and proportion (%) of immigrants obtained across sampling locations by each method to assess
dispersal (i.e., M1–4) and speciﬁc odds ratio (i.e., 4:1, 9:1, and 19:1).
Number of immigrants (%)
Mean d2Hf

SD d2Hf

N

Odds ratio

M1

M2

M3

M4

S-W Manitoba (2009)
110.64

5.48

106

4:1
9:1
19:1

24 (23)
11 (10)
6 (6)

14 (13)
7 (7)
2 (2)

0 (0)
0 (0)
0 (0)

5 (5)
1 (1)
1 (1)

S-E Manitoba (2009)
105.14

3.68

23

4:1
9:1
19:1

6 (26)
1 (4)
0 (0)

0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
0 (0)

Northern Minnesota (2010)
107.76

10.94

19

4:1
9:1
19:1

2 (11)
2 (11)
1 (5)

6 (32)
5 (26)
4 (21)

2 (11)
2 (11)
2 (11)

6 (32)
6 (32)
4 (21)

Central Minnesota (2010)
85.67

7.64

28

4:1
9:1
19:1

6 (21)
1 (3)
1 (3)

25 (89)
25 (89)
22 (79)

27 (96)
26 (92)
4 (14)

27 (96)
27 (96)
25 (89)

Northern Wisconsin (2010)
81.92

6.45

19

4:1
9:1
19:1
4:1
9:1
19:1

5 (26)
2 (10)
2 (10)
43 (22)
17 (9)
10 (5)

16 (84)
15 (79)
15 (79)
61 (31)
52 (27)
43 (22)

6 (31)
0 (0)
0 (0)
35 (18)
28 (14)
6 (3)

15 (79)
12 (63)
4 (21)
53 (27)
46 (24)
34 (17)

Total

195

Note: SD, standard deviation.
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from that expected by chance alone when using 9:1
and 19:1 odds ratios for the subset of feathers collected in 2009 (Table 3). Regarding Method 4, Chisquared (v2) tests were always signiﬁcant, and
therefore, the proportion of immigrants categorized by this method was not imposed by the
speciﬁc odds ratio used (Table 3).
Consistent with the compromise between spatial precision and assignment accuracy of the different odds ratios, the proportion of birds
categorized as immigrants usually decreased
when shifting from 4:1 odds to 19:1 odds, and
the rate of misclassiﬁcation (for known-origin
individuals) decreased as well (Table 4). The estimated error rate ranged from 0% to 20% across
different methods and odds ratios, with the lowest error rate achieved using Method 4 (from 0%
to 15%). Therefore, based both on the Chisquared (v2) tests and on the estimated error
rates, Method 4 was the most adequately supported by the data.

Table S1). Again, 85% CI of the effects of population trend and age class on dispersal status
excluded zero, but 85% CI of the effects of their
interaction term included zero (Appendix S1:
Table S2). Finally, the third model included only
population trend and 85% CI of its parameter estimate excluded zero (Appendix S1: Tables S1, S2).
We further investigated the nature of dispersal
assigning individuals categorized as immigrants
by Method 4 to the aforementioned isoscape. For
each sampling location, birds categorized as
immigrants into the local population were generally assigned to origins southeast of the breeding
location (Fig. 5).

DISCUSSION
Using d2H analyses of feathers to derive
approximate natal and molt origins of birds has
become an established tool on several continents
(Hobson and Wassenaar 2018). Fewer studies
have attempted to use this approach to understand dispersal and speciﬁcally to ascertain the
probability of any individual being a local or
immigrant into a breeding population. As we
have shown, establishing dispersal rates is not
straightforward and the choice of assignment
approach can strongly inﬂuence the outcome of
such investigations. We identiﬁed three primary
approaches (Methods 2–4) that can be implemented at the individual level, providing a simple way to control for inter-annual effects in
precipitation d2H values, and also providing a
spatially explicit quantiﬁcation of the error associated with the geographical assignment of origins. In addition, these methods can be applied
using different odds ratios, and thus, researchers
can choose the level of error to be assumed in the
categorization of immigrant vs. resident birds.
Method 1, based on the methodology of Rushing et al. (2015), was the least reliable in our case.
This approach requires the number of birds sampled in a given year and sampling location to be
sufﬁcient to build location- and year-speciﬁc normal probability density functions for d2Hf values.
In our case, we needed a minimum of 19 birds
captured within the same sampling year and location. This fact will undoubtedly inﬂuence sample
sizes used to assess dispersal to only those breeding populations for which sampling effort is high,
thus often limiting the geographic scale of

Biological variables explaining dispersal status
Based on our previous results, we examined
factors associated with golden-winged warblers
being categorized as immigrants vs. residents as
determined from Method 4 (above). We ran our
candidate models across the three different odds
ratios, and because results did not change, we
only present results here based on a 4:1 odds
ratio. Since our dataset was strongly biased
toward males, we repeated our candidate models
excluding females, but ultimately we pooled data
from both sexes to increase sample size because
the results were virtually unchanged.
Based on a cutoff criterion of DAICc < 6.0, our
top model set included three different candidate
models. The most parsimonious model included
population trend and age class (Appendix S1:
Table S1). Both variables had parameter estimates
with 85% CIs excluding zero (Appendix S1:
Table S2). Interestingly, the lower the local population trend, the higher the probability a given
warbler would be an immigrant in a particular
sampling location (Fig. 4). In addition, SY birds
were between 1.3 and 2 times (for rates of population change of 5 and 20% per yr, respectively)
more likely to be an immigrant into a local population than ASY birds (Fig. 4). The second-best
competing model included population trend, age
class, and their interaction term (Appendix S1:
❖ www.esajournals.org
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Table 3. Results from Chi-squared (v2) tests to determine whether the number of birds categorized as
immigrants differed from that number expected
from chance alone given the speciﬁc odds ratio.
Data subset
Method 1
S-W Manitoba

S-E Manitoba

Northern
Minnesota
Central
Minnesota
Northern
Wisconsin
Method 2
2009

2010

Method 3
All pooled

Method 4
2009

2010

Odds ratio

v2 (P)

4:1
9:1
19:1
4:1
9:1
19:1
4:1
9:1
19:1
4:1
9:1
19:1
4:1
9:1
19:1

0.46 (0.54)
0.02 (1.00)
0.10 (0.82)
0.53 (0.61)
0.82 (0.51)
1.21 (0.41)
1.07 (0.40)
0.00 (1.00)
0.00 (1.00)
0.03 (1.00)
1.29 (0.36)
0.12 (1.00)
0.47 (0.56)
0.00 (1.00)
1.22 (0.24)

4:1
9:1
19:1
4:1
9:1
19:1

6.75 (<0.01)
3.00 (0.10)
3.23 (0.11)
108.19 (<0.01)
248.24 (<0.01)
453.36 (<0.01)

4:1
9:1
19:1

0.51 (0.52)
4.12 (0.05)
1.52 (0.25)

4:1
9:1
19:1
4:1
9:1
19:1

20.96 (<0.01)
12.197 (<0.01)
4.85 (0.04)
114.68 (<0.01)
248.24 (<0.01)
281.37 (<0.01)

Table 4. Number and proportion (%) of known-origin
birds mis-classiﬁed as immigrants in each method to
assess dispersal and speciﬁc odds ratio.

Method 1 (S-W Manitoba)
4:1
9:1
19:1
Method 1 (Northern Wisconsin)
4:1
9:1
19:1
Method 2
4:1
9:1
19:1
Method 3
4:1
9:1
19:1
Method 4
4:1
9:1
19:1

5 (17)
3 (10)
2 (7)
1 (13)
1 (13)
0 (0)
9 (20)
4 (9)
2 (4)
7 (15)
5 (11)
2 (4)
7 (15)
2 (4)
0 (0)

Note: Data subset was known-origin birds (n = 47), except
for Method 1, which was 30 and 8, respectively, for Southwestern Manitoba and Northern Wisconsin.

immigrants did not differ from the number
expected from chance alone when using Method
1 to assess dispersal (as well as when using
Method 3). Thus, the proportion of immigrants
obtained for each sampling location using
Method 1 (Table 2) was similar to the proportion
given by the odds ratios (Table 2; 20% with odds
ratio 4:1) and so was not necessarily biologically
meaningful. Nevertheless, Method 1 can still be
useful when study sites have been extensively
monitored and when the hypotheses addressed
are not related to the proportion of immigrants
itself but to the origin of these immigrants (Rushing et al. 2015).
In contrast to the other methods, Method 4 provided estimates of dispersal that were not biased
by the selected odds ratio, and this method also
had the lowest rates of classiﬁcation error for
known-origin individuals. Given the lower rates
of classiﬁcation error and ﬂexibility of this
approach, we suggest that Method 4 provides the
most generally useful approach for examining
dispersal at large spatial scales such as those
involving range-wide origins. Here, we

Notes: Data subset used for these tests was different across
procedures to assess dispersal (see Methods for details). Presented P-values have been estimated by Monte Carlo simulation (based on 10,000 replicates).

inference to a few populations. This prevented us
from assessing dispersal rates of golden-winged
warblers breeding in the Appalachians because
our sample size was relatively low and scattered
there. By contrast, using either of the other
methodologies we describe, even single birds
sampled within a given locality can be categorized as local or immigrant into that sampling
location. By applying a Chi-squared test, we
revealed that the number of birds classed as
❖ www.esajournals.org
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Fig. 4. Predicted probability of a given golden-winged warbler being an immigrant given the local long-term
(1966–2012) population trend. Lines represent predicted values for after-second-year birds (straight line) and for
second-year birds (dashed line). Parameter estimates from our most parsimonious model were used to calculate
these predicted values. Population trend estimates were derived from the North American Breeding Bird Survey
(BBS; Sauer et al. 2014).

blue-winged warbler range expansion has led to
sympatry, golden-winged warbler populations
have generally become extirpated (Gill 1997; but
see Confer et al. 2010). Thus, further understanding of immigration/emigration rates could inform
both conservation efforts and our understanding
of gene ﬂow in hybrid zones. We found that the
proportion of immigrants into local goldenwinged warbler populations generally increased
from north to south. Further analyses revealed
that the probability of being an immigrant into
the local population was negatively related to the
local BBS population trend. Furthermore, immigrants were generally assigned molt origins south
or southeast of the breeding population into

demonstrated the value of Method 4 using
golden-winged warbler as an example. Goldenwinged warbler populations have experienced an
annual decline of ~ 2.3% per yr (95% CI: 3.1,
1.5% per yr) range-wide between 1966 and
2015, with populations generally increasing or
stable along the northern range edge and declining elsewhere (Sauer et al. 2017). The reasons for
these declines are related to the loss of early successional habitats they prefer (Moulton et al.
2017), competition and genetic introgression with
blue-winged warbler (Vermivora cyanoptera;
Vallender et al. 2009, Moulton et al. 2017), and
also to land-use changes occurring at tropical
wintering areas (Kramer et al. 2017). Where
❖ www.esajournals.org
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Fig. 5. Assigned geographical origin of immigrants classiﬁed by Method 4 under 4:1 odds ratio. Red points
indicate our study sampling locations. Blue points indicate pixels of maximum probability of being the true origins, according to the normal probability density function used to infer geographic origins. Dashed lines indicate
great-circle distances among the current sampling location (i.e., red points) and the inferred previous location
(i.e., blue points). The breeding range of golden-winged warblers is outlined in red.

and Kerr 2015). Our data suggest that individuals
ﬂedging in the southernmost portions of the species range, where population declines are the
steepest, are dispersing northward to mid-latitudes of the range (Minnesota and Wisconsin)
and settling (Fig. 5). However, further isotopic
investigations are needed especially in the southern (declining) portion of the breeding range in
order to contrast patterns of gene ﬂow with
sources of immigrants. Southern golden-winged
warbler populations have higher levels of genetic
introgression with the blue-winged warbler (Vallender et al. 2009) and so understanding movements of individuals and genes would be fruitful.

which they settled. These results suggest that
declining populations are being supplemented by
immigrants, whereas stable or increasing populations (largely in the north) are primarily made up
of resident birds, supporting the occurrence of
source–sink population dynamics. Although our
isotope data indicate that the proportion of immigrants within a given population increases from
North to South, gene ﬂow appears to be directional from south to north, consistent with the
predicted distribution shifts from climate models
for this species (Crawford et al. 2016, unpublished
data), and the known range contraction along the
equatorward edge of this species range (Coristine
❖ www.esajournals.org
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We acknowledge that the stable isotope assignment approach using d2Hf in North America
favors the detection of N–S dispersal movements
of individuals due to the strong latitudinal gradient in d2Hp. Under climate change predictions,
the northward movement of species may be
favored (Virkkala et al. 2008, Coristine and Kerr
2015). However, future studies that are able to
incorporate tracers of longitude (e.g., genetic
markers, Ruegg et al. 2017) in a multi-variate
assignment within a Bayesian framework (Hobson et al. 2014) could be used in conjunction with
the methods employed in this study.
Previous studies have raised concern about
using either long-term average or year- and sitespeciﬁc d2Hp isoscapes in the geographical
assignment of origins. In the drought-inﬂuenced
American Great Plains, Van Wilgenburg et al.
(2012) found substantial inter-annual variation in
d2Hp and their estimated immigration rates of
several species differed slightly when using yearspeciﬁc compared to long-term d2Hp isoscapes.
Inter-annual variation in precipitation values
may be dramatic in that region and that is why
these authors corrected the GNIP dataset with
year- and site-speciﬁc additional d2Hp data.
Nevertheless, other studies conducted at larger
spatial scales have concluded that year- and sitespeciﬁc d2Hp isoscapes did not improve accuracy
or precision of geographical assignment of origins (Van der Zanden et al. 2014, Tonra et al.
2015). So, to encourage the repeatability of
dispersal assessments based on stable isotope
analyses, we recommend using assignments to
the long-term growing-season d2Hp isoscapes
provided by GNIP database (IAEA 2018) such as
those created by Bowen et al. (2005). Additionally, the inter-annual effects in d2Hp values can
be accounted for with an easier approach, as we
demonstrated in this study (e.g., by including
sampling year as a ﬁxed effect in the calibration
equation and propagating errors in the parameter estimates). Where there is support within the
data for inter-annual variation, incorporation of
year effects should provide more precise assessments and should have comparable or improved
accuracy as long as parameter uncertainties are
appropriately propagated.
Methods 3 and 4 provide estimates of dispersal
based on the geographical assignment of a sample
feather to the most-probable origin where it was
❖ www.esajournals.org

grown. In this study, we used a single isotope in
the probability density function to assign geographical origins, but multi-isotope approaches
could also be adopted to further reﬁne the precision of the assignment (Hobson et al. 2014) and
thus the estimates of dispersal (Hache et al. 2014).
This could be especially useful for other regions
of the world (e.g., Africa) where d2Hp patterns do
not follow strong latitudinal gradients such as
those seen in North America but where other isotopes have proven useful (Hobson et al. 2014). In
addition, because the probability density functions to assign geographical origins can be combined with any other prior information according
to Bayes’ Rule, the estimates of dispersal given by
Methods 3 and 4 can be further reﬁned by incorporating prior information from abundance data
(Royle and Rubenstein 2004, Rushing et al. 2017),
band recoveries (Van Wilgenburg and Hobson
2011, Gunnarsson et al. 2012), or genetic markers
(Chabot et al. 2012, Ruegg et al. 2017). Therefore,
there is a wide range of possibilities to reﬁne
these methodologies that are not yet broadly
implemented.
We compared the results obtained across the
four methodologies to assess dispersal using two
approaches. First, we used Chi-squared (v2) test
to determine whether the number of birds categorized as immigrants differed from that
expected by chance alone given the speciﬁc odds
ratio. Chabot et al. (2012) previously used this
test for similar purposes and, in our case, it effectively indicated when the proportion of sample
birds categorized as immigrants was close to that
expected given each odds ratio. Proportion of
immigrants categorized using Method 1 were
not consistent with the other methods used to
assess dispersal, or with the previous studies on
predicted distribution shifts from climate models
(Crawford et al. 2016, unpublished data) or genetic
introgression with the blue-winged warbler (Vallender et al. 2009). Consequently, we encourage
the use of Chi-squared (v2) test when assessing
dispersal status under different odds ratios. Second, we used our subset of known-origin birds
to validate methods assessing dispersal. In this
way, we could quantify the misclassiﬁcation rate
inherent for each method and odds ratio. We
acknowledge that our known-origin birds subset
was used at the same time to calibrate the d2Hp
isoscape and to validate the methods, and this
16
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could lead to a bias in the absolute rate of misclassiﬁcation. However, any possible bias should
have been constant across the four methods used
to assess dispersal, and our bootstrapping
approach to calibrate the d2Hp isoscape with
1000 randomized subsamples taken from the
known-origin birds provided a robust estimate
of error. Thus, we encourage the use of knownorigin birds to externally validate methods to
assess dispersal, particularly if sufﬁcient samples
are available to allow samples to be withheld for
that purpose.
Our results point to several general recommendations that should be broadly applicable when
using intrinsic markers to study dispersal. Analysts should begin by assessing whether they
need to assess whether an individual is a local or
immigrant into only a single or a few discrete
populations or whether they need inference at
large (e.g., range-wide) spatial scales. If inference
is only needed for a few discrete locations, then
Method 1 (Rushing et al. 2015) provides a tractable approach. However, if the ecological question needs to be assessed at large spatial scales
such as in our example, then approaches using
assignment of individuals to isoscapes provide a
ﬂexible approach that should be applicable to
most situations. We recommend that future studies consider applying Methods 2–4 using isoscape calibration approaches similar to those
used in Van der Zanden et al. (2014). Spatially
explicit errors will exert a strong inﬂuence on
rates of misclassiﬁcation. Of the methods we considered, Method 4 seems most likely to provide
accurate and precise estimates of dispersal and
we suggest this method be employed in future
large geographic-scale studies. Furthermore, if
future studies consider alternative methods
(Methods 1–4, or similar approaches), we suggest
that examination of misclassiﬁcation rates (using
known-origin individuals) and v2 tests as done
here provide good metrics for determining which
method may be most appropriate for the data
used. Finally, the importance of spatially and
temporally appropriate sampling of known-origin individuals to calibrate and/or validate the
assignment model cannot be over-emphasized
(Wunder 2010) and thus should be a key consideration before initiating any study of dispersal
employing intrinsic markers.

❖ www.esajournals.org

All ﬁeldwork was performed under permits granted
by the U.S. Fish and Wildlife Service and the Canadian
Wildlife Service, being approved by the Canadian
Council on Animal Care. Funding was provided by
the Wildlife and Landscape Research Directorate of
Environment and Climate Change Canada, Region 3
U.S. Fish & Wildlife Service grant for Migratory Bird
Conservation in the Midwest, Michigan Technological
University Ecosystem Science Center, and also Maine
Agricultural and Forest Experiment Station. We thank
A. Crosby, M. Allen, C. McCallum, R. Talbot, S. Guest,
E. Cumming, B. Carne, A. Fournier, R. Bennett, and K.
Tangen for ﬁeld assistance. We are also extremely
grateful to the following individuals who contributed
breeding ground samples for isoscape calibration: Kyle
Aldinger, Joseph Chernek, John Confer, Monica
Fowlds, Marie-France Julien, Jeffrey Larkin, Katie
Percy, Sean Peterson, Curtis Smalling, Henry Streby,
and Rachel Vallender. We are grateful to Parks Canada
agency and staff (W. Vanderschuit and S. Frey) for providing logistical and in-kind support. We thank Chantel Gryba and Geoff Koehler for assistance with stable
isotope analyses at the ECCC laboratory in Saskatoon.
SLVW, AMR, DJF, and KAH conceived of, designed,
and conducted the ﬁeld study; CL-C, SLVW, and KAH
conceived of the comparisons; SLVW conceptualized
Method 4; CL-C and SLVW analyzed the data; CL-C,
SLVW, and KAH wrote the initial drafts, and all
authors contributed to revisions.

LITERATURE CITED
Arnold, T. W. 2010. Uninformative parameters and
model selection using Akaike’s information criterion. Journal of Wildlife Management 74:1175–1178.
Becker, R. A., and A. R. Wilks. 2016. maps: Draw geographical maps. R package version 3.1.1. https://
CRAN.R-project.org/package=maps
Benaglia, T., D. Chauveau, D. R. Hunter, and D.
Young. 2009. mixtools: an R package for analyzing
ﬁnite mixture models. Journal of Statistical Software 32:1–29.
Bivand, R., and N. Lewin-Koh. 2017. maptools: Tools
for reading and handling spatial objects. R package
version 0.9-2. https://CRAN.R-project.org/packa
ge=maptools
Bivand, R., and C. Rundel. 2017. rgeos: Interface to
Geometry Engine – Open Source (GEOS). R package version 0.3-23. https://CRAN.R-project.org/pac
kage=rgeos
Bowen, G. J., L. I. Wassenaar, and K. A. Hobson. 2005.
Global application of stable hydrogen and oxygen

17

April 2019

❖ Volume 10(4) ❖ Article e02663


 ET AL.
LOPEZ-CALDER
ON
dispersal in a migratory songbird. Proceedings of
the National Academy of Sciences USA 99:8096–
8100.
Greenwood, P. J., and P. H. Harvey. 1982. The natal
and breeding dispersal of birds. Annual Review of
Ecology and Systematics 13:1–21.
Gunnarsson, G., N. Latorre-Margalef, K. A. Hobson, S.
L. Van Wilgenburg, J. Elmberg, B. Olsen, R. A. M.
€m. 2012. Disease
Fouchier, and J. Waldenstro
dynamics and bird migration—Linking mallards
Anas platyrhynchos and subtype diversity of the
inﬂuenza A virus in time and space. PLoS ONE 7:
e35679.
Hache, S., K. A. Hobson, E. Bayne, S. L. Van Wilgenburg, and M. A. Villard. 2014. Tracking natal dispersal in a coastal population of a migratory
songbird using feather stable isotope (d2H, d34S)
tracers. PLoS ONE 9:e94437.
Hijmans, R. J. 2016a. raster: Geographic data analysis
and modeling. R package version 2.5-8. https://
CRAN.R-project.org/package=raster
Hijmans, R. J. 2016b. geosphere: Spherical trigonometry. R package version 1.5-5. https://CRAN.R-pro
ject.org/package=geosphere
Hobson, K. A., and K. Kardynal. 2016. An isotope
(d34S) ﬁlter and geolocator results constrain a dual
feather isoscape (d2H, d13C) to identify the wintering grounds of North American Barn Swallows.
Auk 133:86–98.
Hobson, K. A., K. J. Kardynal, S. L. Van Wilgenburg,
G. Albrecht, A. Salvadori, M. D. Cadman, F.
Liechti, and J. Fox. 2015. A continent-wide migratory divide in North American breeding Barn
Swallows (Hirundo rustica). PLoS ONE 10:
e0129340.
Hobson, K. A., K. P. McFarland, L. I. Wassenaar, C. C.
Rimmer, and J. E. Goetz. 2001. Linking breeding
and wintering grounds of Bicknell’s thrushes using
stable isotope analyses of feathers. Auk 118:16–23.
Hobson, K. A., S. L. Van Wilgenburg, A. M. Roth,
R. E. Bennett, N. J. Bayly, L. Chavarria-Duriaux,
G. J. Colorado, P. Elizondo, C. G. Rengifo, and
J. D. Ritterson. 2016. Golden-winged Warbler
migratory connectivity derived from stable isotopes. Pages 193–203 in H. M. Streby, D. A. Buehler, and D. E. Andersen, editors. Golden-winged
Warbler ecology, conservation, and habitat management. Studies in Avian Biology. Cooper
Ornithological Society, CRC Press, New York, New
York, USA.
Hobson, K. A., S. L. Van Wilgenburg, T. Wesołowski,
M. Maziarz, R. B. Bijlsma, A. Grendelmeier, and J.
W. Mallord. 2014. A multi-isotope (d2H, d13C,
d15N) approach to establishing migratory connectivity in Palearctic-Afrotropical migrants: an

isotopes to wildlife forensics. Oecologia 143:337–
348.
Bridge, E. S., J. F. Kelly, A. Contina, R. M. Gabrielson,
R. B. McCurdy, and D. W. Winkler. 2013. Advances
in tracking small migratory birds: a technical
review of light-level geolocation. Journal of Field
Ornithology 84:121–137.
Bridge, E. S., et al. 2011. Technology on the move:
Recent and forthcoming innovations for tracking
migratory birds. BioScience 61:689–698.
Burnham, K. P., and D. R. Anderson. 2002. Model
selection and multimodel inference: a practical
information-theoretic approach. Springer Science
and Business Media, New York, New York, USA.
Chabot, A. M., K. A. Hobson, S. L. Van Wilgenburg,
and G. J. McQuat. 2012. Assigning breeding
ground origins to migrant birds: advances using a
novel Bayesian approach combining genetic and
stable isotope markers. PLoS ONE 7:e43627.
Cohen, E., J. A. Hostetler, M. T. Hallworth, C. S. Rushing, T. S. Sillett, and P. P. Marra. 2017. Quantifying
the strength of migratory connectivity. Methods in
Ecology and Evolution 9:1–12.
Confer, J. L., K. W. Barnes, and E. C. Alvey. 2010.
Golden- and Blue-winged Warblers: distribution,
nesting success, and genetic differences in two
habitats. Wilson Journal of Ornithology 122:273–
278.
Coristine, L. E., and J. T. Kerr. 2015. Temperaturerelated geographical shifts among passerines:
contrasting processes along poleward and equatorward range margins. Ecology and Evolution
5:5162–5176.
Crawford, D. L., R. W. Rohrbaugh, A. M. Roth, J. D.
Lowe, S. B. Swarthout, and K. V. Rosenberg. 2016.
Landscape-scale habitat and climate correlates of
breeding Golden-winged and Blue-winged Warblers. Studies in Avian Biology 49:41–66.
Donovan, T. M., R. H. Lamberson, A. Kimber, F. R.
Thompson, and J. Faaborg. 1995a. Modeling the
effects of habitat fragmentation on source and sink
demography of Neotropical migrant birds. Conservation Biology 9:1396–1407.
Donovan, T. M., F. R. Thompson, J. Faaborg, and J. R.
Probst. 1995b. Reproductive success of migratory
birds in habitat sources and sinks. Conservation
Biology 9:1380–1395.
Eckert, C. G., K. E. Samis, and S. C. Lougheed. 2008.
Genetic variation across species’ geographical
ranges: the central–marginal hypothesis and
beyond. Molecular Ecology 17:1170–1188.
Gill, F. B. 1997. Local cytonuclear extinction of the
golden-winged warbler. Evolution 51:519–525.
Graves, G. R., C. S. Romanek, and A. R. Navarro. 2002.
Stable isotope signature of philopatry and

❖ www.esajournals.org

18

April 2019

❖ Volume 10(4) ❖ Article e02663


 ET AL.
LOPEZ-CALDER
ON
Richards, S. A. 2008. Dealing with overdispersed count
data in applied ecology. Journal of Applied Ecology 45:218–227.
Royle, J. A., and D. R. Rubenstein. 2004. The role of
species abundance in determining breeding origins
of migratory birds with stable isotopes. Ecological
Applications 14:1780–1788.
Ruegg, K. C., E. C. Anderson, R. J. Harrigan, K. L. Paxton, J. F. Kelly, F. Moore, and T. B. Smith. 2017.
Genetic assignment with isotopes and habitat suitability (GAIAH), a migratory bird case study.
Methods in Ecology and Evolution 8:1241–1252.
Rushing, C. S., M. R. Dudash, C. E. Studds, and P. P.
Marra. 2015. Annual variation in long-distance dispersal driven by breeding and non-breeding season climatic conditions in a migratory bird.
Ecography 38:1006–1014.
Rushing, C. S., P. P. Marra, and C. E. Studds. 2017.
Incorporating breeding abundance into spatial
assignments on continuous surfaces. Ecology and
Evolution 7:3847–3855.
Rushing, C. S., T. B. Ryder, J. F. Sarracco, and P. P.
Marra. 2014. Assessing migratory connectivity for a
long-distance migratory bird using multiple intrinsic markers. Ecological Applications 24:445–456.
Sauer, J. R., J. E. Hines, J. E. Fallon, K. L. Pardieck, D. J.
Ziolkowski Jr., and W. A. Link. 2014. The North
American Breeding Bird Survey, results and analysis 1966 – 2012. Version 02.19.2014 USGS Patuxent
Wildlife Research Center, Laurel, Maryland, USA.
Sauer, J. R., D. K. Niven, J. E. Hines, D. J. Ziolkowski
Jr., K. L. Pardieck, J. E. Fallon, and W. A. Link.
2017. The North American Breeding Bird Survey,
results and analysis 1966 – 2015. Version 2.07.2017
USGS Patuxent Wildlife Research Center, Laurel,
Maryland, USA.
Schwartz, M. K., L. S. Mills, Y. Ortega, L. F. Ruggiero,
and F. W. Allendorf. 2003. Landscape location
affects genetic variation of Canada lynx (Lynx
canadensis). Molecular Ecology 12:1807–1816.
Studds, C. E., K. P. McFarland, Y. Aubry, C. C. Rimmer, K. A. Hobson, P. P. Marra, and L. I. Wassenaar. 2012. Stable-hydrogen isotope measures of
natal dispersal reﬂect observed population declines
in a threatened migratory songbird. Diversity and
Distributions 18:919–930.
Tonra, C. M., C. Both, and P. Marra. 2015. Incorporating site and year-speciﬁc deuterium ratios (d2H)
from precipitation into geographic assignments of
a migratory bird. Journal of Avian Biology 46:266–
274.
Vallender, R., S. L. Van Wilgenburg, L. P. Bulluck, A.
M. Roth, R. A. Canterbury, J. Larkin, R. M. Fowlds,
and I. J. Lovette. 2009. Extensive rangewide mitochondrial introgression indicates substantial

example using Wood Warblers Phylloscopus sibilatrix. Acta Ornithologica 49:1.
Hobson, K. A., S. L. Van Wilgenburg, L. I. Wassenaar,
R. L. Powell, C. J. Still, and J. M. Craine. 2012a. A
multi-isotope (d13C, d15N, d2H) feather isoscape to
assign Afrotropical migrant birds to origins. Ecosphere 3:1–20.
Hobson, K. A., S. L. Van Wilgenburg, L. I. Wassenaar,
and K. Larson. 2012b. Linking hydrogen (d2H) isotopes in feathers and precipitation: sources of variance and consequences for assignment to global
isoscapes. PLoS ONE 7:e35137.
Hobson, K. A., and L. I. Wassenaar. 2018. Tracking
animal migration with stable isotopes. Second edition. Academic Press, Cambridge, Massachusetts,
USA.
Hobson, K. A., L. I. Wassenaar, and E. Bayne. 2004.
Using isotopic variance to detect long-distance dispersal and philopatry in birds: an example with
Ovenbirds and American Redstarts. Condor
106:732–743.
Holmes, R. T., and T. W. Sherry. 1992. Site ﬁdelity of
migratory warblers in temperate breeding and
Neotropical wintering areas: implications for population dynamics, habitat selection and conservation. Pages 563–575 in J. M. Hagan and D. W.
Johnston, editors. Ecology and Conservation of
Neotropical Migrant Landbirds. Smithsonian Institution Press, Washington, D.C., USA.
IAEA. 2018. Global Networks of Isotopes in Precipitation and Rivers (GNIP, GNIR). https://nucleus.iaea.
org/Pages/GNIPR.aspx
Kramer, G. R., et al. 2018. Population trends in Vermivora warblers are linked to strong migratory
connectivity. Proceedings of the National Academy
of Sciences 115:E3192–E3200.
Mazerolle, M. J. 2017. Package ‘AICcmodavg’:
model selection and multimodel inference based
on (Q)AIC(c). https://cran.r-project.org/package=AI
Ccmodavg
Moulton, L. L., R. Vallender, C. Artuso, and N. Koper.
2017. The ﬁnal frontier: early-stage genetic introgression and hybrid habitat use in the northwestern extent of the Golden-winged Warbler breeding
range. Conservation Genetics 18:1481–1487.
Poesel, A., D. A. Nelson, H. L. Gibbs, and J. W. Olesik.
2008. Use of trace element analysis of feathers as a
tool to track ﬁne-scale dispersal in birds. Behavioral Ecology and Sociobiology 63:153–158.
Pyle, P. 1997. Identiﬁcation guide to North American
birds, part 1. Slate Creek Press, Bolinas, California,
USA.
R Core Team. 2017. The R project for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria.

❖ www.esajournals.org

19

April 2019

❖ Volume 10(4) ❖ Article e02663


 ET AL.
LOPEZ-CALDER
ON
Weber, S. 2018. RBesT: R Bayesian evidence synthesis
tools. R package version 1.3-3. https://CRAN.R-pro
ject.org/package=RBesT
Webster, M. S., P. P. Marra, S. H. Haig, S. Bensch, and
R. T. Holmes. 2001. Links between worlds: unraveling migratory connectivity. Trends in Ecology &
Evolution 17:76–83.
Welker, J. M. 2000. Isotopic (d18O) characteristics of
weekly precipitation collected across the United
States: an initial analysis with application to water
source studies. Hydrological Processes 14:1449–1464.
West, J. B., G. J. Bowen, T. E. Dawson, and K. P. Tu.
2010. Isoscapes: understanding movement, pattern,
and process on Earth through isotope mapping.
Springer, New York, New York, USA.
Wunder, M. B. 2007. Geographic structure and dynamics in Mountain Plover. Dissertation. Colorado
State University, Fort Collins, Colorado, USA.
Wunder, M. B. 2010. Using isoscapes to model probability surfaces for determining geographic origins.
Pages 251–270 in G. J. Bowen, J. B. West, K. P. Tu,
and T. E. Dawson, editors. Isoscapes: Understanding movement, pattern, and process on Earth
through isotope mapping. Springer Netherlands,
Dordrecht, The Netherlands.
Zuur, A. F., E. N. Ieno, N. J. Walker, A. A. Saveliev,
and G. M. Smith. 2009. Mixed effects models and
extensions in ecology with R. Springer-Verlag,
New York, New York, USA.

cryptic hybridization in the Golden-winged Warbler (Vermivora chrysoptera). Avian Conservation
and Ecology 4:4.
Van der Zanden, H. B., M. B. Wunder, K. A. Hobson,
S. L. Van Wilgenburg, L. I. Wassenaar, J. M. Welker,
and G. J. Bowen. 2014. Contrasting assignment of
migratory organisms to geographic origins using
long-term versus year-speciﬁc precipitation isotope
maps. Methods in Ecology and Evolution 5:891–900.
Van Wilgenburg, S. L., and K. A. Hobson. 2011. Combining stable-isotope (dD) and band recovery data to
improve probabilistic assignment of migratory birds
to origin. Ecological Applications 21:1340–1351.
Van Wilgenburg, S. L., K. A. Hobson, K. R. Brewster,
and J. M. Welker. 2012. Assessing dispersal in
threatened migratory birds using stable-hydrogen
isotope (dD) analysis of feathers. Endangered Species Research 16:17–29.
Virkkala, R., R. K. Heikkinen, N. Leikola, and M.
Luoto. 2008. Projected large-scale range reductions
of northern-boreal land bird species due to climate
change. Biological Conservation 141:1343–1353.
Walters, J. R. 2000. Dispersal behavior: an ornithological frontier. Condor 102:479–481.
Wassenaar, L. I., and K. A. Hobson. 2003. Comparative
equilibration and online technique for determination of non-exchangeable hydrogen of keratins for
use in animal migration studies. Isotopes in Environmental and Health Studies 39:1–7.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2663/full

❖ www.esajournals.org

20

April 2019

❖ Volume 10(4) ❖ Article e02663

